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The purpose of this thesis is to give a description and
analysis of circular dichroism studies of the secondary struc
ture of both the native and alkaline forms of chicken liver
fructose 1,6-bisphosphatase (FbPase).
The conformation studies of the enzyme are performed by
examining changes in the secondary structure, when the
substrate, fructose 1,6-bisphosphate (FbP), and/or the allo¬
steric inhibitor, adenosine 5'-monophosphate (AMP), bind to
the enzyme, at pH 7 and 9. Previous studies of FbPase from
turkey liver indicate that the presence of the substrate and/
or the inhibitor, as well as changes in the pH of the medium,
produce significant effects on the conformation of the enzyme
The effect of the inhibitor, AMP, is more pronounced than
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INTRODUCTION
Circular Dichroism is an analytical technique increasingly
used to study both the absolute conformation of biological
macromolecules and conformational changes induced upon their
interaction with cellular constituents. It is a technique
useful in detecting changes in the periodic arrangement of
amino acid residues, changes in the local environment of those
residues and changes at certain specific sites subsequent to
a particular interaction.
The protein selected for a conformational study is fruc¬
tose 1,6-bisphosphatase (FbPase)(EC 3.1.3.11). Since the
enzyme's discovery in 1943 (1), it has been considered to be
a specific phosphatase that catalyzes the conversion of fruc¬
tose 1,6-bisphosphate (-FI>P) to fructose 6-phosphate and inor¬
ganic phosphate in gluconeogenesis as it occurs in the liver
(1) (Fig. 1).
Extensive work has been performed on FbPase from mammalian
species. It has been reported that under adverse conditions
of cold and fasting rabbits exhibit an enzyme form similar to
the alkaline form of FbPase. The native form is therefore
compared with the alkaline form to determine the overall
mechanism and characterization of the properties of the enzyme
under different conditions in avian species.
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FbPase is a very important enzyme because of the physio¬
logical role it plays in our system. Deficiency or malfunc¬
tioning of FbPase prevents the obtaining of glucose from
noncarbohydrate sources. This situation causes the accumula¬
tion of lactate, pyruvate, alanine, free fatty acid and acetone
in the blood, which leads to a severe metabolic disorder, a




It is generally recognized that a critical and essentially
irreversible step in gluconeogenesis is the conversion of
fructose 1,6-bisphosphate to fructose 6-phosphate, catalyzed
by the encyme FbPase. The enzyme was first described by
Gomori (1) who separated it from other nonspecific phospha¬
tases present in the liver and kidney extracts and showed it
2 +
to be inactive in the absence of Mg . The requirement for a
2+
divalent cation can also be satisfied by Mn . The enzyme's
role in carbohydrate metabolism was not recognized until many
years later. Hers and Kusaka clearly established its role
in the metabolism of fructose in the livers of mammalian
species (2). Specificity of FbPase in gluconeogenesis was
suggested by McGilvery and his co-workers, who found that
conditions which favored gluconeogenesis resulted in increased
levels of the enzyme in rabbit liver (3). An important site
of the regulation of both gluconeogenesis and glycolysis is
at the level of fructose 1,6-bisphosphate synthesis and gly¬
colysis (Fig. 2). Although it was evident that FbPase with
activity at neutral pH was present in liver and kidney and
that partially purified preparations could be obtained that
were more active at neutral than at alkaline pH (4,5), it was
not until 1971 that a homogeneous neutral FbPase was isolated
by Traniello, Byrne and their co-workers, from rabbit (6) and
beef (7) liver, respectively. Evidence suggests that the
neutral enzyme represents the native form of the enzyme.
Properties of Neutral and Alkaline FbPase
The neutral FbPase purified from rabbit liver and kidney
were shown to be homogeneous proteins with a molecular weight
of approximately 140,000 which is significantly greater than





























Fig. 2. Schematic diagram of gluconeogenesis and glycolysis.
(PGI = Phosphoglucoisomerase, ATP = Adenosine tri¬
phosphate, PFK = Phosphofructokinase)
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alkaline enzyme (8). Each enzyme was composed of four sub¬
units having molecular weights of about 35,000 - 36,000.
This was in contrast to the alkaline enzyme which yielded
two different subunits corresponding to molecular weights of
approximately 36,000 and 30,000. The large subunit appeared
to be equivalent to the subunit of the neutral enzyme. In
the absence of EDTA the purified neutral FbPase from liver
and kidney were found to have optimum activity at about pH
8.0 (9). The addition of 0.1 mM EDTA increased the activity
in the neutral pH range and shifted the optimum to pH 7.3
(Fig. 3). This was in contrast to the results with the alka¬
line enzyme, where the pH optimum was not significantly
shifted by the addition of EDTA although a similar increase
in activity occurred.
Conversion of Native FbPase to the Alkaline Form
Detailed studies of the effect of proteolytic enzymes on
the activity and structure of FbPase have been carried out
with subtilisin (10). The changes in activity were similar
to those produced by digestion with papain at pH 4.8, namely
a four- to six-fold increase in activity measured at pH 9.2,
followed by a more gradual decrease in activity at pH 7.5.
There was also a progressive decrease in sensitivity to
inhibition by adenosine 5'-monophosphate (AMP). Concentra¬
tions that inhibited the native enzyme nearly 100% caused
25% inhibition of the alkaline enzyme (produced by digestion
for three hours with subtilisin).
Avian Fructose 1,6-Bisphosphatase
FbPase from turkey liver has been obtained homogeneously
by the method described by Han e_t a_l. (11). The enzyme has a
molecular weight of 144,000 and exists as four identical sub¬
units. Kinetic studies on the enzyme have shown that the
enzyme is inhibited by AMP and also by high substrate (FbP)
SPECIFICACTIVITY
Fig. 3. The effect of pH on the activity of neutral and alkaline FbPase. The enzyme was assayed
in the presence or absence of 0.1 mM EDTA with 2 X 10 M Mg or 1.5 X 10 M Mn
O'
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concentrations. The enzyme requires a divalent metal ion
2+ 2 +
(Mg or Mn ) for actalytic activity and is maximally
active at neutral pH. It is also believed to possess four
binding sites for substrate and an equal number for the in¬
hibitor, AMP. Turkey liver FbPase shows a high affinity for
the substrate, FbP.
There is not much difference between the properties of
the enzyme from turkey liver and that from chicken liver. In
Table 1 are given the amino acid composition of native chick,
turkey and rabbit liver FbPase. In the presence of sodium do-
decyl sulfate (NaDodSO^), chicken liver FbPase migrated to the
same position as turkey liver FbPase in polyacrylamide gel
electrophoresis. A mixture of these two enzymes failed to
separate into two bands (12).
Circular Dichroism Theory
Circular dichroism (CD) is a conformationally sensitive
optical property exhibited by all systems with optical assym-
etry that has been extensively used in studying conformational
properties of biological molecules.
A conformational change is essentially any modification
of the atomic arrangement in the protein molecule. The most
obvious spectroscopic probe is the ultraviolet absorbance of
the protein. Changes in absorbance can be related to changes
of the environment of limited regions of the protein around
the chromophores. CD spectroscopy can be employed under the
same conditions as absorption spectroscopy but it provides
a very different type of information as it is sensitive to the
overall conformation of the protein (13).
In the continuing search for relationships between struc¬
ture of biological macromolecules and their function, the
study of conformation in solution must play a leading role.
For many years, there was simply no objective method of
distinguishing the three-dimensional arrangements of molecular
8
Table 1. Amino Acid Composition of Native Chick, Turkey
And Rabbit Liver FbPase
Amino Acid
Number of Residues per Mole of Enzyme
Chick Turkey Rabbit
Lysine 92 .8 98 119.9
Histidine 10.3 16 23.9
Arginine 52.9 57 53.7
Cysteine 26.4 16 21.6
Aspartic Acid 133.4 139 134.7
Threonine 62.2 75 71.5
Serine 71.4 97 76.0
Glutamic Acid 75.4 92 103.8
Proline 46 .4 55 58.5
Glycine 114.1 128 102.4
Alanine 1Q0.8 111 117.1
Valine 98 . 9 84 99 . 7
Methionine 24.5 28 33.3
Isoleucine 91.9 76 75.4
Leucine 97 . 2 103 111 . 4
Tyrosine 45 . 2 52 45.8
Phenylalanine 31.8 39 35.9
Tryptophan 4* 4* 3 . 9
* Tryptophan is found in the N-terminal end of each subunit
of FbPase. There should be a minimum of four tryptophans
assuming the enzyme is comprised of four identical subunits.
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groups within the macromolecular substance, and solution
investigations were largely restricted to description of gross
hydrodynamic properties. It is only within the last ten years
that investigators have succeeded in establishing experimental
techniques for estimating, with a high degree of confidence,
the number of amino acid residues in a protein which are pre¬
sent: in the highly ordered periodic arrangement of the a-helix.
Widespread application of CD to biological systems has
been reported by Bayley (14), Beychok (15), Greenfield and
Fasman (16) and Chen, Yang and Martinez (17). Tiffany and
Krim reported the effects of temperature on the CD spectra of
polypeptides (18). Circular dichroism studies on FbPase from
rabbit liver have been reported from rabbit liver by Tamburro
et al. (19), and from chicken liver by Davis (20). Burkes,
Rumph, Ogoe and Dasher determined the conformational changes
of fructose 1,6-bisphosphatase from turkey liver (21 - 24).
Looking at the native form of the enzyme from chicken liver,
Davis (20) observed that the enzyme conformation was pH-,
temperature-, substrate- and inhibitor-dependent. Conforma¬
tional changes were abrupt and large over the pH range studied
and gradual over the range of temperatures examined. The
conformation of the enzyme changed significantly in the pre¬
sence of either its substrate (fructose 1,6-bisphosphate), its
inhibitor (adenosine 5'-monophosphate) , or substrate and inhi¬
bitor complexes. Its conformation under these conditions
varied greatly when compared with conditions in which neither
the substrate nor the inhibitor was present.
Circular dichroism is observable only in the frequency
intervals where absorption occurs. It is, therefore, not
difficult to locate the exact frequencies and signs of the
bands in CD spectra. CD involves the study of differential
absorption of light that is circularly polarized in opposite
directions. Circular polarization can be either right- or
left-handed, depending on the sense of rotation with respect
10
to coefficients of the left- and the right-handed circularly
polarized components of plane polarized light.
The theory of CD is described below. Electromagnetic
radiation consists of oscillating electric and magnetic
vectors with their oscillatory motions distributed over a
family of planes, all of which include the line of propaga¬
tion. A beam of light which has passed through a plane pola¬
rizer consists of vibrations in one plane only and is said
to be plane polarized. Polarization is important because
of the ability exhibited by some crystals and liquids to
rotate the plane of polarized light passed through them.
This property is known as optical activity. Plane polarized
radiation can be further resolved into two beams said to be
circrlarly polarized in opposite senses. It should be noted
that for a medium to be CD active it must show optical ac¬
tivity; hence, it must not possess molecules having either
a center or a plane of symmetry. In plane polarized light, the
sinusoidally varying electric field is confined to a plane,
as is the magnetic field, and these planes are perpendicular
to one another (15). When light strikes a molecule, the
electrons respond to it and are displaced from their unper¬
turbed ground state configurations by the electric field of
the light. If the frequency of the plane polarized light
corresponds to one of the proper exciting frequencies, then
an electron will be promoted to an upper state.
Figure 4 presents the influence of an optically active
absorbing sample on plane polarized light. A plane polarized
light beam results from two circular components with opposite
rotation senses but with the same amplitude. If the left and
right circularly polarized components pass through a solution
of an optically active substance, they do so with different
speeds. They are also differently absorbed according to the
difference in extinction coefficients for left (eL) and right










Fig. 4. Influence of an optically active absorbing sample on plane polarized light.
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a consequence the emergent components, having different
amplitudes, combine to produce a wave which is elliptically
polarized .
The CD effect is therefore given by Ae = e - e , the
difference in extinction coefficients between the left and
the right circularly polarized components of plane polarized
light. As shown above, the major axis, b, of elliptical
vibrations is rotated with respect to the polarization plane
of incident light by an angle a, the optical rotation, and
the arc-tangent of the ratio of minor (a) to major (b) axes
of elliptical vibration is called the angle of ellipticity, 0.
Measured in the same units as wavelength, a and 0 are given
in radians per unit length. If for a given optically active
compound e > e , the CD band is positive and the rotation
angle is positive at longer wavelengths and negative at
shorter wavelengths. The opposite is true for the enantio¬
meric molecule. The molar ellipticity, [0], is related to Ae
as follows: [0]= 3300-Ae. The units for molar ellipticity
2
are degrees cm /decimole.
In order to observe a DC band, it is necessary that the
displacement of electronic charge has a circular component
as well as a linear component in the direction of the electric
field of the light wave (15). For example, if an electron
moves along a helical path, an electric field in the direction
of the helix axis tends to move the electron in a direction
opposite to the field and parallel to it. However, the
electron cannot be so displaced without at the same time
undergoing a rotational displacement, and this leads to the
required induced magnetic moment. While the intensity of ab¬
sorption of unpolarized light depends solely on either the
electric dipole transition moment or the magnetic dipole
transition moment, the intensity of the CD effect depends on
both the electric and magnetic dipole transition moments.
A CD band is commonly described by the maximum value of
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dichroic absorption or molar ellipticity (As or [01 ,
respectively), and the rotational strengths, , of the elec¬
tronic transition, which derives from the area under the
CD band. This can be either positive or negative as a right-
hand helical displacement generates positive circular dichroism
and a left-hand displacement produces negative circular di¬
chroism (25). The rotational strength gives a theoretically
more desirable measure of the ellipticity than does the maxi¬
mum: alone (As or 0).
In electronic spectroscopy, two important types of tran¬
sitions may occur which are connected with the way the elec¬
trons are promoted during the absorption of light. There are
transitions considered to be electric-dipole allowed and those
which are magnetic-dipole allowed. For an electronic tran¬
sition to be optically active, both these transitions must
occur simultaneously in a way which is seen from the defi¬
nition of the rotational strength, given by Rosenfield as
.A .A
follows: R^ = IM (p • p ). This equation states that the
rotational strength of the k*"*1 transition is the imaginary
part of the scalar product of the electric, p , and magnetic,
y , dipole transition moments. R. measures the interaction
m k
of a chromophore, k, with its dissymetric environment. It
also measures the asymmetry induced in the electron distribu¬
tion within a chromophore. Optical activity is, therefore,
characterized by the rotational strength of a particular
electronic transition.
There are two main transitions involved in the optical
activity of the peptide bond. These are the II->II* transition,
which is electrically allowed and magnetically forbidden, and
the n->II* transition, which is magnetically allowed and elec¬
trically forbidden (Fig. 5). The II->-11* transition, occurring
at 190 nm, represents a displacement of an electron from a
(tv) bonding orbital of the nitrogen to an antibonding (it*)
orbital of the carbonyl group. The n->II* transition, occurring
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at 210 m, represents the displacement of an electron from the
non-bonding orbital (n) of oxygen to the anti-bonding (ir*)
orbital of the carbonyl group. Each of these alone will not
give optical activity. However, it has been observed that
biological macromolecules have the characteristic ability
of inducing electrostatic asymmetry in chromophores which are
symmetric in the isolated state. The nature of the induced
asymmetry depends on the asymmetry of the site in the macro¬
molecule and it can, thus, serve as a probe in the study of
conformational states. For example, using a peptide bond
as a model (Fig. 5), it can be shown that CD can be generated
in biological macromolecules by the interaction of the excited
states of chromophores.
There are two ways of obtaining optical activity from
non-helical structures. They are the mixing of transitions
within a chromophore, which occurs in the peptide bond re¬
gion (200 - 250 nm), and the coupling of transitions between
chromophores. For the peptide chromophore, the n-II* trans¬
itions (210 nm) and the II — IT * transitions (190 nm) correspond
to transitions from ground state |0> to excited states |a>
and |3>» respectively. The excited states |a> and |6> undergo
mixing and new transitions, | 0> -* |0 > and | 0> -> |@2> are
produced, where:
1. |0> -* |©^> = C]_la> “ C ^ | 3 > where >>
G.S. E.S. This is mainly a at 210 nm.
2 . | 0> -> | 02> = C2 | a> + C1 | B>
G.S. E.S. This is mainly 3 at 190 nm.
From this point the rotational strength of the transition can
be calculated as follows:
From equation 1,
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The Peptide Chromophore; Showing the Relative Orientations





b. The relative Energies of the States | 0>, |a>, |g> and the
Transition Moments.
Fig. 5. The mixing of transitions within chromophore.
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From equation 2,
R0 = C0"p • Ct 1? = C„Ct C? • 1? ) mainly $ at 190 nm.2 z m le Zle m
is therefore a negative transition at 210 nm.
R^ is therefore a positive transition at 190 nm.
2
It is seen here that R„ =-R., and in general ZR^. = 0.
i = 1
Method of CD Analysis
There are two broad approaches to the analysis of circu¬
lar dichroism. These are the phenomenological and the theo¬
retical approaches. In the phenomenological approach, the CD
spectra of complex molecules are analyzed in terms of the sum
of contributions from specific structures such as a-helices,
3-sheet and random coils. This analysis depends upon compari¬
son of experimental spectra with those of the well-characteri¬
zed structures taken alone and in simple combinations. The
theoretical approach uses optical rotatory theory to predict
the properties of proposed structures. This approach empha¬
sizes that it is the total conformation which determines the
optical properties (26).
The phenomenological approach was used in the CD analysis
of FbPase with respect to both the native and alkaline forms.
Circular dichroism has been widely used to obtain information
on the secondary structure of proteins and nucleic acids in
solutions. The technique is sensitive and only dilute solu¬
tions are needed. It has become customary to divide protein
structure into a-helical, g-sheet and random coil. At first
the use of optical rotatory dispersion (ORD) for estimating
the helical content of a protein molecule was only suggestive
since X-ray diffraction studies had not yet revealed the
three dimensional structure of any protein. The determination
of the fraction of protein in the various forms is not easy,
and several methods have been used to make such resolutions.
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Carver (12) conducted a systematic analysis of the factors
involved in the interpretation of protein CD and ORD spectra.
After an examination of various methods of conformational
analysis, including single wavelength comparisons, partial
curve fitting, and complete curve fitting, it was concluded
that complete curve fitting is the preferred method for ana¬
lyzing and interpreting protein rotation spectra.
Greenfield and Fasman (16) devised a method for estima¬
ting the helical content of a protein molecule utilizing the
mean residue ellipticity at 222 nm. This method was based on
the use of synthetic polypeptides as model compounds. How¬
ever the optical activity of other structural elements, such
as the 6 form, was completely neglected, and treatments using
synthetic polypeptides led to estimates that differ consider¬
ably from the X-ray results. In addition, X-ray diffraction
studies showed that a-helical and 3-sheet segments in globu¬
lar protein molecules were short compared to the extended
helices in polypeptides and that the unordered portions of
the molecules were also rigid and compact. This was in agree¬
ment with the reports of Woody and Tinoco (26), Vournakis
et al . (27), and Tinoco e_t aJL. (28) that helical optical ro-
tory strength depended upon helix chain length. Furthermore,
Greenfield and Fasman (29) used the CD spectra of poly L-ly-
sine in the a-helix, 3-sheet and random coil conformations
as reference spectra and estimated the amount of a-helix in
proteins from the ellipticity at 208 nm. They then minimized
the variance between the experimental CD spectrum and linear
combinations of the poly L-lysine basis spectra. A condition
was imposed that the sum of the fractions of each conformation
must be unity and the criterion for a good analysis was a
satisfactory comparison with the known X-ray structure.
Rather than using model polypeptides to generate refer¬
ence spectra, Chen e_t afL. (17, 30) combined X-ray and CD
data for five proteins and, using a least-squares method,
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computed a-helix, B-sheet and random coil reference spectra
for that set of proteins. They utilized the fractions of the
three forms of five proteins from X-ray diffraction studies
and determined a new set of reference values for the a-helix,
B-sheet, and unordered forms which in turn enabled them to
determine the secondary structures of a protein molecule.
The mean residue ellipticity, x» of a protein can be expressed
as :
x FHxH + fbxb + frxr
1 = F + F + F
H B R
XH’ *3 ’ lR are the reference values that would be obtained if
the protein molecule were made up of pure a-helix (H), B-sheet
(B) or random form (R), respectively. The F's are the frac¬
tions of the a-helix, B-sheet and random form in a protein
molecule.
All of these methods have one problem in common: the
choice of a valid reference spectrum. Such a choice is by
no means obvious. The rotational strengths of the helix
transitions are chain length-dependent and the counting of
amino acid residues in various secondary structures is not
clear cut. Although the rotatory contributions of different
helices may differ from one another to some extent, no dis¬
tinction was made between them. It was assumed that the
rotatory power of the 3^q and distorted helices were close to
that of an a-helix. This assumption seems to be supported
by the recent theoretical calculations by Madison and Schell-
man (31) of the optical activity of helical segments in four
proteins.
The B form can be parallel or anti-parallel, or a mix¬
ture of both. Their rotatory contributions are also depen¬
dent on the number of strands, as well as on the number of
residues per strand (32), and no distinction between the two
types of the 3 form was made. A further complication is that
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the 3 structure is not fixed like the a-helix. It can be
so distorted that its backbone is not in one plane. Thus,
its optical activity could differ significantly from that
of a regular 3-sheet. A statistical average value for the
3 form and the random coil were used in the calculation, al¬
though the actual random coil values could vary from one
protein to another (30).
Finally, the rotatory contributions due to non-peptide
chromophores are assumed to be small as compared to those
of peptide chromophores. Therefore, no attempt is made to
include additional terms for these contributions. Virtually
all the space within a protein molecule is taken by amino
acid residues. Thus, the optical activity of the peptide
chromophore will be affected not only by the ordered struc¬
tures such as helices and 3 forms, but also by the neighboring
residues that interact with one another. The rotatory con¬
tributions of these interactions are assumed to be insignifi¬
cant compared to those of the actual structural elements.
In this method of analysis it was assumed that the
structure of a protein is identical in solid state and in
aqueous solution (17). Wet crystals of proteins containing
considerable amounts of salt and solvent were used for X-ray
diffraction studies. It seems possible however to assume that
the structure of protein molecules undergoes changes when
the crystals dissolve in aqueous solution.
Recognizing the importance of the end effect of helices,
Chen ej^ a_l. (30) later introduced expressions to account for
the chain length-dependence of helices.
A new method of analysis of CD spectra was introduced by
Baker and Isenberg (33). This method employs integrals over
the data and calculates the a-helix, 3-sheet and random coil
content of the proteins from such integrals. It is shown that
the analyzed a-helix content is usually reliable to within 5%,
3-sheet values are somewhat less reliable and random coil
values least reliable. This method does not curve fit data.
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These authors claim that curve fitting techniques are mis¬
leading. The most obvious advantage of the method is that
it uses only integrals of experimental data so that random
noise tends to be averaged away. Other advantages are that
the calculated a-helical content is supposedly relatively
independent of the reference spectra chosen and, in such
cases, one may accept these values with high confidence.
Thus, this method is claimed to bypass the curve-fitting
requirements of the least squares method by substituting
certain integrals over the spectra for the spectra.
Recent work by Hammond (34), however, revealed that this
integral method which claimed to bypass the curve-fitting
methods was indeed a least-squares fit, although they used
integrals over the spectra rather than the spectra themselves
in the calculation. However, the integral method still has
an advantage over the least squares method in that it does
enhance the signal-to-noise ratio.
We have concluded that it does not matter which of the
methods of analysis is chosen since we are looking at changes
in conformation and not the actual conformation itself. Our




Fresh chicken livers were obtained from Harrison Poultry
Inc., Bethlehem, Georgia. Fructose 1,6-bisphosphate (FbP),
and adenosine 5'-monophosphate (AMP), ethylene-diamine-tetra
acetate (EDTA), Tris-HCL and sodium acetate were purchased
from Sigma Biochemicals, St. Louis, Missouri. Other chemicals
used were reagent grade.
All glassware utilized for the experiments was thor¬
oughly cleaned by first soaking them in a 1:3 ratio of
hydrochloric acid solution. They were then washed with deter¬
gent, rinsed with deionized water and finally rinsed again
with some of the buffer solution to be used.
The buffer solutions were prepared with distilled water
treated with EDTA to remove any traces of metal ions. This
treatment is in contrast to that used in the previous studies
where Chelex 100 was used to purify buffer solutions. EDTA
was thought to be more effective in removing the metal ions,
thereby increasing the activity of the enzyme. EDTA did not
show any absorption within the wavelength regions under study.
Methods
Absorption Measurements
Spectrophotometric absorption measurements were performed
by using the following instruments: Hitachi 191 digital UV-
visible spectrophotometer, Beckman ACTA CIII spectrophotometer,
and Cary 17 ratio recording spectrophotometer. Heilman supra-
sil lens quartz cells (1 cm rectangular) were used. Circular
dichroism spectra measurements were recorded by the use of a
Jasco-Durrum model SS-20 spectropolarimeter constantly flushed
with nitrogen gas. The gas was dried by passing it through
dryrite before entering the instrument. Temperature variation
21
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measurements were performed using a water bath and a Brink-
man Lauda K-2/R refrigeration device. A 1.0 cm Durrum
quartz variable temperature cell was used. The water passed
through Tygon tubing a distance of 150 cm approximately from
the refrigerant to the cell.
Purification of Chicken Liver FbPase
An improved method of Han ejt cLL. (11, 35) was employed
in purifying the enzyme from chicken liver. Both native and
alkaline forms of the enzyme from chicken liver were pro¬
vided by Han. The alkaline form was obtained by treatment
of the purified enzyme with subtilisin. This results in a
rapid increase in activity at pH 9.2 and a gradual decrease
at pH 7.5. The enzyme was dialyzed for 2 hrs to the required
pH's.
Determination of FbPase Concentration
FbPase concentration was measured by the method of Murphy
and Kies (36). This method is based on the absorption of the
enzyme at 215-225 nm. The following equation is then used to
calculate the concentration:
(ABS215 - ABS225) X 154/1000 = Cone, (mg/ml)
The absorption spectra were taken with a Cary 17 model spec¬
trophotometer using EDTA treated Tris-HCL buffer as the blank.
The wavelength range was taken from 210-250 nm. Concentration
— 8
of the native enzyme was 0.20 X 10 dm/ml and that of the
— 8
alkaline enzyme was 0.19 X 10 dm/ml.
Circular Dichroism Studies
The circular dichroism spectra of FbPase treated with
Tris-HCl buffer were measured under various experimental con¬
ditions. All spectra were taken in triplicate for signal
averaging purposes and all experiments were duplicated. The
baselines of all the spectra were recorded using 50mM EDTA
treated Tris-HCl buffer. A typical experimental procedure
23
was f oHows :
(1) CD spectrum of FbPase at pH 7 and temperature 22°
was recorded without FbP or AMP.
(2) FbP (0.1 mM) was added and the spectrum was recorded.
(3) To this solution, 0.1 mM AMP was added and the
spectrum taken.
(4) To a fresh solution (as in 1), 0.1 mM AMP was added
and the spectrum taken.
(5) The process in step # 3 above was repeated, but this
time 0.1 mM AMP was added before the addition of AMP.
The above procedure was also used to obtain spectra of
the enzyme at pH 9 and at 22° and 42°. Also, this process was
applied to the alkaline form of the enzyme.
The experimental data was analyzed by the use of a com¬
puter program written in BASIC on the PDP 11/40. The CD data
were expressed in terms of [0], the mean residue molecular
ellipticity,versus X (wavelength) in the region studied (215—
2
250 nm) The molar ellipticity was expressed in degrees cm
per decimole. The values were obtained by using the following
equation:
L X C X N-R
where 0 is the observed ellipticity value from the experimental
CD spectrum, L is the cell length, C is the concentration of
the enzyme in dm/ml and N'R is the number of residues of the
enzyme (1252 for FbPase).
The CD spectra of chicken liver FbPase were analyzed in
terms of the secondary structures of the enzyme by the method
of Greenfield and Fasman (29) as modified by Chen e_t a_l. (17,
30). To analyze the experimental spectrum in terms of the per¬
centages (F's), an initial estimate of the F's is used to
generate a theoretical curve. This curve is then compared,
point by point, with the experimental curve and the sum of the
2
squares of the differences is calculated (Eo ). The F's are
varied until the best fit is obtained (defined as that fit
2
which gives a minimum for (fa )). To check for the accuracy
of the method, the CD spectrum of a protein whose secondary
structure is well known from X-ray diffraction studies was
analyzed. The conformation of the protein selected, lysozyme,
agrees well with the results of X-ray diffraction studies of
lysozyme. X-ray diffraction shows that lysozyme contains 29%
a-helix, 11% 3-sheet and 60% random coil conformation. The
CD analysis shows that lysozyme contains 33% a-helix, 12% g-
sheet and 55% random coil conformation. The agreement between
the results of X-ray diffraction and those of the CD analysis
is good.
Computations were made over a wavelength range of 215-
250 nm. Since the circular dichroism spectra of the three
reference structures are very sensitive to side chain and
solvent effects below 215 nm, the 215-250 nm region is the
best region to study (37).
One important aspect of this study which is worth noting
is the stability of the enzyme. Careful observation in this
laboratory has shown that the enzyme gradually denatures over
a period of time. As a result it is constantly undergoing
conformational changes. This situation makes it difficult for
the results to be reproduced beyond 2 week periods. It is
therefore necessary to run the experiments and reproduce them
within 2 weeks in order to obtain consistency in the duplica¬
tion of the results.
RESULTS
The Effect of pH and Temperature on the Conformation of the
Native Form of FbPase
The computed conformational changes of native FbPase un¬
der different conditions are reported in Table 2. Two
measurements at 22° and 42° were recorded at each pH value.
At pH 7, the conformation of FbPase is nearly independent
of temperature in the amount of a-helix structure present,
within the temperature range examined, whereas there are lar¬
ger variations in the amount of 3-sheet and random coil pre¬
sent in the enzyme. At pH 9, however, there are significant
variations with temperature in all three forms. An increase
in temperature converts the 3-sheet component of the enzyme
to a random coil structure. There is also a slight decrease
in the a-helix structure.
The conformation of FbPase is pH-dependent and the con¬
formational changes are moderately larger over the pH range
studied. The percent a-helix present in the enzyme decreases
from 59% to 51% for an increase in pH from 7 to 9 at 22°.
The 3-sheet structure decreases from approximately 30% to 22%.
An increase in random coil structure from 11% to 27% is ob¬
served. The same trends occur for an increase in pH from 7 to
9 at 42°.
On the whole, the percent 3-sheet structure present in
FbPase varies in a manner similar to the percent a-helix.
The random coil structure, however, increases with an increase
in temperature and pH.
Effect of Substrate (FbP) and Inhibitor (AMP) on the CD of
Native FbPase
There is a strong conformational change on addition of
either the inhibitor or the substrate as shown by the decrease
in the helical form. However, AMP generally produces a larger
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Table 2. Conformational Changes of the Native Form of
FbPase from. Chicken Liver as a Function of
pH and Temperature.
Native F o rm pH T emp
(°C)
%H ZB %RC
FbPase 7 22 59±1* 30± 1 11±1
FbPase + FbP 7 22 53+1 24± 1 2 3± 1
FbPase + AMP 7 22 5 2± 1 2 8± 2 20± 2
FbPase + FbP + AMP 7 22 49+2 26+3 2 5± 4
EbPas e + AMP + FbP 7 22 5 0± 1 31± 5 19± 4
FbPase 7 42 57+1 25± 8 18± 8
FbPase + FbP 7 42 51+1 16± 1 3 3± 1
FbPase + AMP 7 42 4 7± 1 20± 1 3 3± 1
FbPase + FbP + AMP 7 42 43± 1 1 7± 2 40± 2
FbPase + AMP + FbP 7 42 4 7± 1 30± 1 2 3± 1
FbPase 9 22 51± 2 2 2± 5 21 ±7
FbPase + FbP 9 22 46 + 1 7±7 4 7 ± 4
FbPase + AMP 9 22 41+1 14+2 4 6± 2
FbPase + FbP + AMP 9 22 48+1 34± 2 18± 2
FbPase + AMP + FbP 9 22 40± 4 10± 8 5 0± 8
FbPase 9 42 46±1 0±1 54+1
FbPase + FbP 9 42 4 2± 2 10+8 4 8± 8
FbPase + AMP 9 42 39±1 2± 3 5 9 ± 3
FbPase + FbP + AMP 9 42 3 5± 3 10± 8 5.5 + 9
FbPase + AMP + FbP 9 42 3 8± 2 3± 1 5 9 ± 2
* Mean deviation of three measurements.
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conformational change than does FbP. The difference in the
conformational change induced by AMP v_s. FbP ranged from 1%
a-helical change (pH 7, 22°) to 5% a-helical change (pH 9,
22°). Also, the addition of AMP to the FbPase-FbP complex
produced greater changes (from 2-8% difference) in the a-heli¬
cal structure of FbPase than did the addition of FbP to the
FbPase-AMP complex.
Effect of pH and Temperature on the CD of Native FbPase in the
Presence of Inhibitor or Substrate
It is seen that for FbPase alone or in the presence of
substrate (FbP), the conformation of FbPase changes only
slightly, with respect to temperature at pH 7, e.g., AF = 2%
for an increase of temperature from 22 to 42 . A greater
temperature-induced conformational change occurs for the FbPase-
AMP complex (5%). However, at pH 9, the FbPase-AMP complex a-
helical percentage changes less with temperature (2%) than
does the enzyme alone (5%) or the FbPase-FbP complex (4%).
Significant changes occur with the enzyme alone as a function
of pH, e.g., AF = 8% for an increase in pH from 7 to 9 at 22°;
rL
also, at 42 AF = 11%. FbPase-AMP complex a-helical percen-
n
tage change is greater with pH (11%) than with FbPase-FbP com¬
plex (7%). Also the addition of FbP to the FbPase-AMP complex
produced greater change (10%) in the a-helical structure of
FbPase than did the addition of AMP to the FbPase-FbP complex
(1%) for an increase in pH at 22°.
The Effect of pH and Temperature on the Conformation of the
Alkaline Form of FbPase
The computed conformation of alkaline FbPase at pH 7 is
very temperature-dependent. In contrast to the native form
in which the enzyme is nearly independent of temperature, al¬
kaline FbPase shows a marked change in conformation. The
percent a-helix present decreases from 50% to 43% at pH 7 for
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an increase in temperature from 22° to 42° and from 38% to
26% at pH 9 (Table 3). The 8-sheet structure decreases in
the same manner as observed with the a-helical form. The
random coil structure, however, increaes with increases in
temperature and pH. This observation is consistent with that
of the native form of the enzyme.
Effect of Substrate (FbP) and Inhibitor (AMP) on the CD of
Alkaline FbPase
There is a strong conformational change on addition of
either the inhibitor or the substrate as shown by the decrease
in the a-helical form. The differences in the conformational
change induced by AMP vs_. FbP ranged from 2% a-helical change
(pH 9, 22°) to 8% a-helical change (pH 7, 22°). There is no
difference in the conformational change induced by AMP v_s. FbP
(pH's 7 and 9) at 42°. Also, addition of AMP to the FbPase-
FbP complex induced changes ranging from 3% a-helical change
(pH 9, 22°) to 6% a-helical change (pH 7, 22°) greater than
the addition of FbP to the FbPase-AMP complex.
Effect of pH and Temperature on the CD of Alkaline FbPase in
the Presence of Inhibitor or Substrate
For FbPase alone or in the presence of substrate, the
conformation of FbPase changes remarkably with respect to
temperature at pH 7, e.g., AF = 7% for an increase of tempera-
ture from 22 to 42 . However, lesser temperature-induced
conformational change occurs for the FbPase-AMP complex (3%)
than for the enzyme alone (7%) or the FbPase-FbP complex (5%).
Significant changes occur with the enzyme alone or FbPase-FbP
complex as a function of pH, e.g., AF = 12% for an increase
n
in pH from 7 to 9 at 22°, than the FbPase-AMP complex, e.g.,
AF = 7%. However, at 42° the a-helical percentage changeH
is the same for both the FbPase-FbP complex (15%) or the
FbPase-AMP complex (15%).
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Table 3. Conformational Changes of the Alkaline Form of
FbPase from Chicken Liver as a Function of
pH and Temperature.
Alkaline Form PH T emp
(°C)
%H % g %RC
FbPase 7 22 5 0± 1* 3 0± 3 20± 3
FbPas e + FbP 7 22 45± 1 27 + 1 2 8± 1
FbPas e + AMP 7 22 3 7± 1 23+1 40± 2
FbPase + FbP + AMP 7 22 39 + 1 29 + 4 32±4
FbPase + AMP + FbP 7 22 40± 1 34±3 2 6 ± 2
FbPase 7 42 4 3± 1 16± 1 41±1
FbPase + FbP 7 42 4 0± 1 20± 1 40 + 1
FbPase + AMP 7 42 40± 1 29 + 2 32± 3
FbPase + FbP + AMP 7 42 35± 1 21± 1 4 5± 1
FbPase + AMP + FbP 7 42 3 7 ± 1 23±1 40±1
FbPase 9 22 3 8± 3 2 2± 8 40± 8
FbPase + FbP 9 22 3 2± 1 9±5 59±3
FbPase + AMP 9 22 30± 1 20+3 5 0± 3
FbPase + FbP + AMP 9 22 29± 2 14 + 4 5 7 ± 6
FbPase + AMP + FbP 9 22 2 6± 3 17 ± 3 5 7 ± 6
FbPase 9 42 2 6± 3 2± 3 7 2± 6
FbPase + FbP 9 42 2 5± 1 4±4 71± 5
FbPase + AMP 9 42 25± 3 5± 6 7 0± 8
FbPase + FbP + AMP 9 42 19 + 1 8± 8 7 3±6
FbPase + AMP + FbP 9 42 23±1 10 + 9 6 7 ± 5
* Mean deviation of three measurements.
DISCUSSION
The data obtained in this study show that the enzyme
(FbPase) contains definite ordered segments in its secondary
structure. It shows a conformational dependence on pH and
temperature. Changes are observed by raising either the
temperature or pH. As the pH is lowered those amino acids
with uncharged polar groups are protonated. Raising the
pH leads to the ionization of those amino acids, such as
Histidine and Cysteine whose pK (ionizing groups) are withinK.
the observed pH range. The shift in equilibrium between the
protonated and ionizing amino acid groups within the enzyme
molecule leads to the observed conformational changes with
respect to changes in pH.
Lowering the temperature decreases the entropy of the
system thereby decreasing the hydrophobic interaction within
the enzyme molecule, whereas an increase in temperature in¬
creases the entropy of the system. The enzyme molecule with
its nonpolar R groups exposed will tend to assume a confor¬
mation in which the nonpolar groups are shielded from exposure
to water. The tendency of the surrounding water molecules to
relax into their maximum entropy state as the temperature is
raised leads to highly ordered conformations. Decrease in
energy results and the system becomes more stable.
Addition of the inhibitor (AMP) to the native enzyme
induces a larger conformational change than addition of
the substrate (FbP). Addition of AMP to the enzyme-FbP
complex also induces a more substantial conformational change
than when FbP is added to the enzyme-AMP complex. This demon¬
strates the dominant role played by AMP in the binding process
which also stabilizes the conformation of the enzyme. The
alkaline form of the enzyme shows a greater change in confor¬
mation with respect to temperature and pH than the native form.
Perhaps cleavage of the peptide units leads to disruption of
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the strong hydrogen linkages. This situation, in addition
to what leads to changes in the native enzyme, results in
larger conformational changes with the alkaline enzyme. The
binding process is, however, quite different from that of
the native form. AMP binds equally well as FbP at high tem¬
peratures. There are differences in the enzyme-FbP-AMP com¬
plex; however, these are negligible compared to those of the
native form. It could be inferred from this observation that
the peptide units cleaved are situated closer to both the
substrate and the inhibitor binding sites, and this accounts
for the differences in the two forms of the enzyme.
Davis (20), in his experiments with the native enzyme
from chicken liver, observed the dependence of the enzyme con¬
formation on pH, temperature, substrate and inhibitor. Con¬
formational changes were quite distinct over the pH range
studied and gradual over the range of temperatures examined.
This observation is consistent with the data obtained in this
investigation. Ogoe (23) and Dasher (24), in their studies
with the native enzyme from turkey liver, also observed the
dependence of the enzyme conformation on pH, substrate and/or
inhibitor. Ogoe, studying the aromatic residues of FbPase,
indicated that the presence of the substrate and/or the
allosteric inhibitor as well as changes in the pH of the
medium produced significant effects on the conformation of
the enzyme. The effect of the inhibitor on the conformation
of the enzyme is more pronounced than that of the substrate
which is in agreement with the observed conformational changes
in this investigation.
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